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[1] We report on net ecosystem production (NEP) and key environmental controls on net
ecosystem exchange (NEE) of carbon dioxide (CO2) between a mangrove forest and
the atmosphere in the coastal Florida Everglades. An eddy covariance system
deployed above the canopy was used to determine NEE during January 2004 through
August 2005. Maximum daytime NEE ranged from −20 to −25 mmol (CO2) m−2 s−1
between March and May. Respiration (Rd) was highly variable (2.81 ± 2.41 mmol (CO2)
m−2 s−1), reaching peak values during the summer wet season. During the winter dry
season, forest CO2 assimilation increased with the proportion of diffuse solar irradiance
in response to greater radiative transfer in the forest canopy. Surface water salinity and
tidal activity were also important controls on NEE. Daily light use efficiency was
reduced at high (>34 parts per thousand (ppt)) compared to low (<17 ppt) salinity by
46%. Tidal inundation lowered daytime Rd by ∼0.9 mmol (CO2) m−2 s−1 and nighttime
Rd by ∼0.5 mmol (CO2) m−2 s−1. The forest was a sink for atmospheric CO2, with an
annual NEP of 1170 ± 127 g C m−2 during 2004. This unusually high NEP was
attributed to year‐round productivity and low ecosystem respiration which reached a
maximum of only 3 g C m−2 d−1. Tidal export of dissolved inorganic carbon derived
from belowground respiration likely lowered the estimates of mangrove forest respiration.
These results suggest that carbon balance in mangrove coastal systems will change in
response to variable salinity and inundation patterns, possibly resulting from secular sea
level rise and climate change.
Citation: Barr, J. G., V. Engel, J. D. Fuentes, J. C. Zieman, T. L. O’Halloran, T. J. Smith III, and G. H. Anderson (2010),
Controls on mangrove forest‐atmosphere carbon dioxide exchanges in western Everglades National Park, J. Geophys. Res., 115,
G02020, doi:10.1029/2009JG001186.

1. Introduction
[2] Despite the extensive ongoing carbon sequestration
research using carbon dioxide (CO2) eddy covariance (EC)
flux towers [Baldocchi et al., 2001; Baldocchi, 2008], little
information exists on the carbon assimilation capacity of
ecosystems situated along the marine‐terrestrial interface
[Wofsy and Harris, 2002]. Mangrove forests represent
important ecosystems to investigate because of their pan1
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tropical distribution [Chapman, 1976; Tomlinson, 1986],
rich biogeochemistry [Robertson and Alongi, 1992; Twilley
et al., 1992], and high rates of productivity [Mitsch and
Gosselink, 2000; Smith et al., 1994; Ward et al., 2006],
estimated at 218 ± 72 Tg C yr−1 globally [Bouillon et al.,
2008].
[3] The carbon balance of a mangrove forest is modulated
by the climatic and environmental factors that regulate terrestrial forests, such as temperature, solar irradiance, and
nutrient levels, and by others such as tidal activity and
salinity unique to coastal habitats. Midday photosynthetic
rates in Rhizophora mangle (red mangroves) tend to decline
at high leaf temperatures (>303 K) coincident with stomatal
closure at high (>2 kPa) vapor pressure deficit (VPD) and
high (>1000 mmol (photons) m−2 s−1) photosynthetic active
radiation (PAR) [Cheeseman and Lovelock, 2004; Barr,
2005]. However, in the tropics and subtropics where
mangroves are found, the development of afternoon thunderstorms and overcast conditions can also result in PAR‐
limited carbon assimilation [Barr et al., 2009]. Soil nutrients
are known to limit growth in many mangrove forests [Koch,
1997; Lovelock et al., 2004, 2006; Krauss et al., 2006;
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trolling atmospheric CO2 exchange. Our objectives in this
study are (1) to identify the key environmental controls on
canopy level CO2 fluxes, (2) to establish the functional relationships between these controls and carbon assimilation
and respiration rates, and (3) to quantify net annual ecosystem production (NEP) for a mature forest.

2. Research Methods

Figure 1. Aerial photograph of the study site including a
visualization of available fetch from all wind directions.
NEE values were determined to be valid if >50% of the
cumulative flux originated within the fetch boundaries
contained by the tidal channels bordering the site.

Feller et al., 2003]. Duration of tidal inundation is another
important factor regulating mangrove productivity directly
[e.g., Naidoo et al., 1997] or indirectly through its effect on
nutrient availability [Krauss et al., 2006]. Salinity can be an
important driver regulating photosynthesis and stomatal
conductance in mangroves [Ball and Farquhar, 1984; Clough
and Sim, 1989; Ball and Pidsley, 1995; Takemura et al., 2000;
Parida et al., 2004; Lopez‐Hoffman et al., 2006]. The carbon
balance in mangrove forests is thus partially influenced by the
physical conditions that regulate salinity in coastal environments, including interannual variability in rainfall and freshwater discharge.
[4] The long‐term survival of many mangrove forests
depends on sediment surface elevations keeping pace with
relative sea level rise [Whelan et al., 2005; Krauss et al.,
2003]. Relative rates of net primary production versus respiration and peat decomposition may well determine the
survival of many forests, with mangroves in some regions
facing collapse given current and projected future rates of
sea level rise [Alongi, 2008]. Carbon budget approaches
such as those cited by Bouillon et al. [2008] provide insights
into carbon sources and sinks in mangrove ecosystems in
relation to coastal habitat qualities. On the other hand, EC
measurements allow investigation of the environmental
controls on net primary productivity and respiration and
how these processes respond to local climatic variables, tidal
activity, and salinity levels on subdaily time scales. This
paper contributes to this goal by using estimates of net
ecosystem exchange (NEE) of atmospheric CO2 between a
mature mangrove forest and atmosphere in the western
Florida Everglades. NEE values were coupled with detailed
measurements of meteorological variables, tidal cycles, and
soil surface water salinity to investigate the processes con-

2.1. Site Description and Measurements
[5] The study site (25.3646°N, 81.0779°W) is located
within an extensive riverine and fringing mangrove forest
close to the mouth of the Shark River in western Everglades
National Park (Figure 1). The dominant tree species at the
site are red (R. mangle), black (A. germinans), and white
(L. racemosa) mangroves reaching heights of 15–20 m [Ewe
et al., 2006]. The forest understory is sparse and composed of
seedlings and juvenile mangroves with an average height less
than 4 m. The region experiences semidiurnal tides and is
inundated twice during most 24 h periods. High tides can
reach up to 0.5 m above the sediment surface [Krauss et al.,
2006]. However, the sediment surface can be exposed for
several days at a time during the annual minima in the solar
tidal cycle which corresponds to the periods of low discharge
through Shark River, generally in February, March, and
April. The sediment surface at the site is ∼0.2 m above mean
sea level. Peat thickness beneath the forest increases toward
the Gulf of Mexico in this region and at our site reaches 5 to
6 m [Spackman et al., 1966].
[6] Approximately 60% of the annual rainfall in the
Everglades falls during the May–October wet season
[Duever et al., 1994]. Seasonal rainfall patterns (Figure 2)
are strongly influenced by the passage of tropical cyclones,
usually between June and October, and by the infrequent
passage of cold fronts during the winter months. With the
onset of the wet season, total daily irradiance (Figure 3a)
becomes variable due to frequent afternoon convective
thunderstorms. Minimum daytime air temperatures (TA) in
the Everglades rarely fall below 10°C between December

Figure 2. Monthly rainfall totals during January 2004
through August 2005. Values represent the average of rainfall totals from the Gulf Coast (GI) Everglades National
Park station and the Shark Slough (SH2) United States Geological Survey station. Stations GI and SH2 are 5 km and
13 km E‐NE of the study site.
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Figure 3. (a) Incident solar irradiance, (b) average daily
(24 h) air temperature measured at 27 m above the ground,
(c) average daily surface water salinity, and (d) average and
maximum daily water level during January 2004 through
August 2005. The 15 day centered moving averages of all
daily values are included.

and February (Figure 3b). From March through November,
the daily maximum TA in the region is generally above 27°C
[Duever et al., 1994]. During 2004–2005, the minimum
daytime TA ranged from 10 to 15°C during the winter dry
season, while the May–October wet season values were
consistently above 25°C and less variable (Figure 3b). Soil
surface water salinity at the site varies with tidal cycles and
rainfall patterns. On daily time scales, salinity values
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increase from 1 to 12 ppt with incoming tides (Figure 3c).
However, the annual minimum salinity values (2–18 ppt)
during 2000–2010 occur when water levels are at their
highest during the peak of the annual tidal cycle and freshwater discharges. Salinity values are highest (30–35 ppt) at
the end of the dry season in May and early June. Annual
minimum water levels occur during the early dry season in
February and March when troughs in the lunar monthly tidal
component combine with minimal fresh water flow through
Shark River. Water levels are relatively high (>0.3 m) during
this period (Figure 3d) due to increased fresh water discharge
into Shark River. The peak of the annual tidal cycle also
occurs during the wet season [Stumpf and Haines, 1998].
[7] A 30 m flux tower and 250 m boardwalk from the
banks of Shark River were constructed in June 2003. The
tower base is 1.5 m above the surface and is supported by a
square grid of central tiers (9 cm by 9 cm by 3.7 m long)
driven 3 m into the sediment. Crossbeams to peripheral tiers
provide additional stability and prevent the structure from
sinking into the peat. Guy wires are anchored on smaller
platforms with similar tiered construction. An elevated and
waterproof wooden hut at the tower base houses twelve 6 V
(260 A hr each) rechargeable batteries. All electronics are
housed in a waterproof box elevated 2 m above the sediment. Five 120 W solar panels maintain battery charge. The
tower (Universal Manufacturing, Clinton Twp., Michigan)
is composed of 22″ wide by 10′ tall triangular aluminum
sections. From the tower site, specific and uniform fetch
distances (Figure 1) are determined from river boundaries
and are as follows (where 0° is N, increasing in the clockwise direction): 300 m from 0° to 70°, 1500 m from 70° to
120°, 1000 m from 120° to 135°, 800 m from 135° to 180°,
1300 m from 180° to 270°, 250 m to 300 m from 270° to
360°.
[8] Environmental variables were measured above the
canopy at 1 s intervals, averaged over 30 min on two data
loggers (model CR23X, Campbell Scientific, Logan, Utah),
and uploaded to a laptop for storage. These measurements
include net radiation (model CNR 1, Kipp and Zonen,
Bohemia, New York) and incoming and reflected PAR
(model LI‐190SB, LI‐COR, Inc., Lincoln, Nebraska). Measurements also include air temperature (TA) and humidity
(model HMP45C, Campbell Scientific, Inc., Logan, Utah)
and wind speed and direction (model 05103 RM Young,
Traverse City, Michigan) measured at 27 m. Aspirated and
shielded thermometers (model 107 temperature probes,
Campbell Scientific, Inc.) measure air temperature at 20 m,
15 m, 11 m, 6 m, and 1.5 m above the ground. Heat flux
plates (model HFT 3.1, Campbell Scientific, Inc.) record
soil heat fluxes, and soil thermocouples (model 105T,
Campbell Scientific, Inc.) measure soil temperature (Ts) at
−5 cm, −10 cm, −20 cm, and −50 cm. Further details on
tower measurements are provided by Barr [2005]. Hydrologic data were continuously monitored and recorded every
15 min at a station 30 m south of Shark River and 150 m
west of the flux tower. Measurements included specific
conductivity and temperature (model 600R water quality
sampling sonde, YSI Inc., Yellow Springs, Ohio) of surface
well water and water level (model Waterlog H‐333 shaft
encoder, Design Analysis Associates, Logan, Utah).
[9] The eddy covariance (EC) system is mounted at 27 m.
The EC consists of a three‐dimensional sonic anemometer
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Table 1. Summary of Annual NEP and Errors Associated With
the Gap‐Filling Technique
Parameter
Bias error, BE (mmol CO2 m
RMSE (mmol CO2 m−2 s−1)
NEP 2004 (g C m−2 year−1)
NEPa 2005 (g C m−2 year−1)

Average ± Standard Deviation
−2

−1

s )

−0.021 ± 0.054
3.56 ± 0.058
1170 ± 127
832 ± 97

a

Through the end of August 2005.

(model RS‐50, Gill Co., Lymington, England) and thermistor and an open path infrared CO2 and water vapor (H2O) gas
analyzer (model LI‐7500, LI‐COR, Inc., Lincoln, Nebraska).
High‐frequency (10 Hz) measurements are stored and processed with custom software to derive half‐hourly CO2,
latent and sensible heat, and momentum exchanges between
the forest and the overlying atmosphere. High‐frequency
data processing consists of spike removal [Vickers and
Mahrt, 1997], a two‐dimensional coordinate rotation of the
wind field, a time lag correction of CO2 concentration to
maximize covariance with vertical wind speed variation,
buoyancy corrections of sonic air temperatures [Schotanus
et al., 1983], and conversion of the turbulent flux into the
total constituent flux [Webb et al., 1980], which accounts for
the positive vertical mass flow resulting from positive
buoyancy of less dense air parcels. Storage of CO2 in the air
column below the EC system was estimated based on the
half‐hourly rate of change of CO2 concentrations at the
infrared analyzer level [Morgenstern et al., 2004; Humphreys
et al., 2005]. This storage term was added to the fluxes
derived from the EC system to determine NEE. The algorithms used to calculate NEE were independently verified
using AmeriFlux “gold file” data sets (http://public.ornl.gov/
ameriflux/standards‐gold.shtml).
2.2. Missing Data
[10] Missing or invalid EC fluxes are commonly referred
to as “gaps.” Gaps occur when gas concentrations are out of
range (as occurs during precipitation events), when turbulence is weak or intermittent, or when there is insufficient
fetch. The CO2 fluxes during these gap periods need to be
included to determine annual NEE cycles [Falge et al.,
2001]. At the study site, short‐duration gaps (≤4.5 h)
occurred primarily at night but also happened as the result of
thunderstorms and breaks in the power supply. Nighttime
flux data were discarded during periods of weak turbulence
[Goulden et al., 1996; Lee et al., 1999] when the friction
velocity (u*) was less than 0.21 m s−1. This u* threshold
was calculated by first dividing nighttime NEE values into
20 u* classes for each bimonthly period and then defining a
u* value above which NEE became invariant or, for those
bimonthly periods where no clear relationship between NEE
and u* was apparent, we chose a u* value which corresponded to an NEE value ≥85% of the maximum bimonthly
NEE. The global u* threshold of 0.21 m s−1 applied in the
data analysis is the median value of all bimonthly u*
threshold values, which varied between 0.15 m s−1 and
0.30 m s−1. During three bimonthly periods, the u* threshold
was >0.25 m s−1. However, the differences in fluxes calculated during these periods using a u* threshold of 0.21 m s−1
versus greater values up to 0.3 m s−1 were not significant.

G02020

Therefore, the global u* threshold of 0.21 m s−1 was applied
to all bimonthly periods.
[11] Flux data were discarded when the flux footprint
[Schuepp et al., 1990; Schmid, 2002] extended beyond the
forest fetch. The fetch exceeded the footprint most frequently (66% of the time) during the nighttime when winds
originated from the NW to NE. Longer gaps (>4.5 h) in the
data set were generally caused by instrument or data
acquisition malfunction and on rare occasions lasted for
several days. The combined duration of gaps comprised
61%, 28%, and 46% of the total nighttime, daytime, and
combined data sets, respectively. These values are comparable to average nighttime gap duration of 65% reported for
10 forested sites in Europe [Moffat et al., 2007].
2.3. Gap Filling and Error Analysis
[12] Several strategies are available to gap fill eddy
covariance CO2 fluxes [see Moffat et al., 2007; Gu et al.,
2005; Falge et al., 2001]. We chose a mean diurnal variation (MDV) method to fill short gaps and look‐up tables
(LUT) for longer gaps. The MDV utilizes a 14 day moving
window centered on the day of the gap, and the missing
values are filled with the mean fluxes within this window
occurring during the same half‐hourly period as the gap. For
longer gaps, separate daytime and nighttime LUTs were
developed for each 2 month interval beginning on 1 January
2004. Nighttime TA was better correlated with CO2 fluxes
than TS and was therefore chosen as the independent variable in the LUT. For each 2 month interval, half‐hourly
nighttime CO2 fluxes were partitioned into 20 TA bins, each
containing the same number of values. For daytime half‐
hourly CO2 fluxes, a two‐dimensional LUT was constructed
using 16‐PAR and 3‐TA bin categories. Falge et al. [2001]
provide additional details on appropriate LUT dimensions
when gap‐filling EC fluxes.
[13] Potential error and bias in the fluxes, introduced by
the MDV and the LUT, were estimated by randomly creating and then refilling a set of artificial gaps [Moffat et al.,
2007] overlapping with valid data periods. On a monthly
basis, the sum of the artificial daytime and the nighttime
gaps were constructed to have the same duration as actual
gaps. The root‐mean‐square error (RMSE) and the bias
error (BE) were determined by comparing the fluxes estimated from 100 simulations of randomly generated, then
filled, artificial gaps to the concurrent valid observations
(Table 1). Small BE values (−0.021 ± 0.054 mmol (CO2)
m−2 s−1) suggest this method imputed minimal bias in
annual NEP estimates. The RMSE (3.56 ± 0.058 mmol
(CO2) m−2 s−1) was within the range of those reported for
six forested sites in Europe [Moffat et al., 2007].
[14] Confidence intervals on monthly NEP were computed using the results of the gap filling procedure. In this
method, all of the half‐hourly NEE values for each month,
including valid and gap‐filled data, were integrated to give
an estimate of monthly NEP for each of the 100 gap‐filling
simulations. The 5th and 95th percentiles of monthly NEP
for each month were derived from the results. The average
percent relative error (RE) was then calculated as the difference between the 95th and the 5th percentiles of gap‐
filled NEP divided by 2. In some cases, particularly during
summer nighttime periods, the duration of actual gaps represented more than 50% of the total duration of nighttime
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periods within a 1 month interval. For these months, the
amount of valid data points was considered insufficient to
accurately calculate the RE associated with the gap‐filling
procedure. To account for this, a relationship between RE
and the percentage of artificial gaps was derived by
imposing a range of artificial gap fractions up to 80% of the
valid data periods for those months with actual gaps <10%.
A power function was then fit to the complete set of RE
values associated with the fraction of data gaps (fgap) for
each month using least squares regression:
0:366
RE ¼ 7:66 fgap
:

ð1Þ

Monthly NEP confidence intervals were calculated as the
product of NEP values derived from valid data points and
RE based on the fraction of gaps (fgap) in that month
using (1).
2.4. Light and Temperature Responses
[15] Daytime NEE responses to PAR were determined
separately for “high” (TA > 28°C) and “low” air temperatures (TA < 21°C). High and low air temperature included
16.2% and 21.3% of the daytime flux data set, respectively.
Daytime NEE values were further grouped by a clearness
index (Kt), defined as S/Se, where S is incoming solar
irradiance (W m−2) and Se is extraterrestrial irradiance at the
top of the atmosphere on a plane parallel to the Earth’s
surface:
Se ¼ Ssc ð1 þ 0:033 cosð360 td =365ÞÞcos :

ð2Þ

Ssc is the solar constant (1370 W m−2), td is day of year, and
Q is the solar zenith angle [Spitters et al., 1986; Gu et al.,
2002]. Lower (Kt ≤ 0.65) and higher (Kt > 0.65) values of
Kt represent cloudy skies and clear skies, respectively. The
threshold value of Kt (0.65) was selected as the median of
daytime values during the study period. Daytime NEE
values were distributed evenly into cloudy and clear sky bin
categories across the high and low temperature ranges. To
reduce the scatter and variability of half‐hourly NEE versus
PAR, NEE values were bin averaged across 30 intervals of
PAR. A form of the Michaelis‐Menten equation (3) was fit to
the bin‐averaged NEE data using nonlinear least squares
regression:
NEE ¼ 

a0 PAR
þ Rd :
ð1  ðPAR=2000Þ þ ða0 PAR=GEP2000 ÞÞ

ð3Þ

The variable a′ represents the ecosystem quantum yield
(mmol (CO2) per (mmol (photons)). GEP2000 is the gross
ecosystem photosynthesis (mmol (CO2) m−2 s−1) defined as
the sum of daytime NEE and the ecosystem respiration rate
Rd (mmol (CO2) m−2 s−1) when PAR equals 2000 mmol
(photons) m−2 s−1.
2.5. Salinity Effects
[16] Direct salinity effects on NEE in mangroves are difficult to quantify because both short‐ and long‐term fluctuations in salinity are also typically accompanied by
changes in tidal cycles, temperature, and solar irradiance, all
of which influence canopy‐scale CO2 fluxes. We examined
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the potential effects of salinity on ecosystem functioning by
comparing the relationships between daytime NEE, PAR,
and TA at salinity values above and below the daytime
annual median of 29 ppt. PAR and daytime TA data were
divided into 20 and 15 bins, respectively, for each period
characterized by “high” (>29 ppt) or “low” (≤29 ppt)
salinity. Bin ranges were selected such that NEE values
were equally distributed along PAR and TA dimensions.
Contours of equal NEE values were then constructed across
the two dimensions of the PAR‐TA matrix (Sigma Plot
Version 11, Systat Software, Inc., San Jose, California). We
also investigated salinity effects on GEP [Lopez‐Hoffman et
al., 2006; Theuri et al., 1999; Ball and Pidsley, 1995;
Suárez and Medina, 2006]. Daily total GEP was normalized
by daily total PAR (here termed the light use efficiency
(LUE)). We investigated the covariance between LUE and
daily average salinity at PAR > 600 mmol (photons) m−2 s−1:
P
GEP
:
LUE ¼ PPAR>600
PAR>600 PAR

ð4Þ

2.6. Ecosystem Respiration and Tidal Effects
[17] Equation (3) was used to estimate average daytime
plant and soil respiration rates separately during high and
low tides. In this method, a moving 7 day window of half‐
hourly PAR and NEE data was centered on each day in the
record. Nonlinear regression was used to calculate daily Rd
separately for high‐ (water level > 0.2 m) and low‐tide (water
level ≤ 0.2 m) periods. At least 30 valid NEE values were
required within each tidal cycle during the 7 day window
to calculate a high‐ and low‐tide Rd for each day. An
Arrhenius‐type relationship [Lloyd and Taylor, 1994] was
used to model daytime Rd as a function of air temperature:
Rd ¼ Rd20



Ea
ð1=293K  1=TK Þ :
exp
R

ð5Þ

Rd20 (mmol (CO2) m−2 s−1) is the ecosystem respiration rate
at 20°C, Ea (in J mol−1) is the apparent activation energy,
R is the universal ideal gas constant (J mol−1 K−1), and TK
is the average absolute air temperature during the 7 day
moving window. The base respiration rate at 20°C was
included rather than the more commonly used 10°C since
daytime temperature values of 10°C are rare at the study
site. Half‐hourly GEP values were calculated as the sum of
−NEE and Rd, with the results assigned to either the high‐
or the low‐tide category. High‐ and low‐tide GEP values
were summed and used to determine daily LUE in (4).
Nighttime Rd was modeled as a function of temperature
using (5) for high‐ and low‐tide periods. Three or more
consecutive half‐hourly Rd values within each tidal cycle
were required for inclusion in the analysis.
2.7. Seasonal and Annual NEP
[18] Half‐hourly, gap‐filled NEE values were converted to
carbon equivalents and summed over 24 h periods to produce
daily total net ecosystem production NEP (g C m−2 d−1).
Daytime and nighttime components of NEP were calculated
separately. Monthly sums of daily NEP illustrate seasonal
changes in mangrove carbon assimilation in relation to
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Figure 4. Representative diurnal CO2 flux patterns during the (a) mid‐dry season and (b) mid‐wet season. (c and d) Photosynthetic active irradiance levels, (e and f) surface water salinity, and (g and h) water
level are included for the same dry season (Figures 4c, 4e, and 4g) and wet season (Figures 4d , 4f, and
4h) periods as the CO2 fluxes.
climatic and physical drivers such as salinity and water
levels.

3. Results
3.1. Seasonal Factors Controlling NEE
[19] Throughout 2004–2005, NEE exhibited variable patterns primarily in response to differences in TA (Figure 3b)
and PAR (Figure 4). Midday, dry season NEE in 2004–2005

ranged from −15 to −25 mmol (CO2) m−2 s−1, while nighttime Rd during this period was generally <5 mmol (CO2) m−2
s−1 and seldom exceeded 8 mmol (CO2) m−2 s−1. NEE generally decreased with TA in February and March while
salinity values remained low (18‐28 ppt). With the onset of
the wet season and higher TA (>25°C), nighttime Rd
increased up to 10 mmol (CO2) m−2 s−1, and daytime NEE
increased to −14 to −23 mmol (CO2) m−2 s−1. Minimum
daily NEE was as high as −5 mmol (CO2) m−2 s−1 when
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persisted until October when the frequency of thunderstorms
decreased, daily solar irradiance (Figure 3a) became less
variable, and the daily maximum TA was <30°C.

Figure 5. Half‐hourly CO2 flux response to PAR for the
(top) highest (≥28°C) air temperatures and (bottom) lowest
(≤21°C) air temperatures during January 2004 through
August 2005 period when air temperature was measured
at 27 m above ground. The CO2 fluxes in each clearness
index (Kt) range (Table 2) were bin averaged by PAR into
30 bins. The Michaelis‐Menten function (3) was best fit to
each set of binned values.

PAR dropped below ∼800 mmol (photons) m−2 s−1 during
this period as the result of afternoon convective cloud formation. During cloudless days, the lowest NEE values (−15
to −22 mmol (CO2) m−2 s−1) occurred during the late
morning, 1–2 h and 3–4 h before the daily maximum in PAR
and TA, respectively. In general, NEE increased throughout
the middle of the afternoon in the summer‐wet season as TA
increased above 30°C. These patterns in Rd and midday NEE

3.2. NEE Responses to Light and Temperature
[20] NEE response to the proportion of diffuse irradiance
(Kt) depended on air temperature (Figure 5). Temperature
also affected the initial canopy quantum yield (a′) and
daytime Rd, both of which were higher at TA ≥ 28°C
compared to the values at TA ≤ 21°C (Table 2). This effect
was apparent under both clear and cloudy sky conditions. At
TA ≤ 21°C diffuse PAR conditions (Kt ≤ 0.69) lead to a
significant increase in GEP2000 (p < 0.02, one‐tailed t test)
and a decrease in Rd (p < 0.01, one‐tailed t test), resulting in
an average decrease of ∼3 to 5 mmol (CO2) m−2 s−1 in NEE.
[21] Minimum NEE values (−15 to −19 mmol (CO2) m−2
−1
s ) occurred when PAR varied between 1400 to 2100 mmol
(photons) m−2 s−1 and TA ranged from 24 to 28°C. NEE was
higher at TA < 21°C compared to rates at higher (>21°C) TA
and equivalent PAR. NEE was also generally 1–3 mmol
(CO2) m−2 s−1 higher when salinity values exceeded 29 ppt,
PAR > 600 mmol m−2 s−1, and 18°C < TA < 33°C (Figure 6).
[22] There were small but significant linear decreases in
LUE with increasing salinity (Figure 7). The slope of this
relationship with 95% confidence intervals is −0.00042 ±
−0.00008 mmol (CO2) mmol (photons)−1 ppt (salt)−1 and is
significantly different from zero (p < 0.05, one‐tailed t test).
A 48% decrease in LUE occurred when salinity levels
increased from 16.7 to 34.7 ppt during the study period.
3.3. Ecosystem Respiration and Tidal Effects
[23] Daytime and nighttime Rd increased during low tides
(Figure 8). The daytime reference respiration rate in the
Arrhenius model, Rd,20, increased by 1.9 mmol (CO2) m−2 s−1
during low‐tide conditions (p < 0.10, one‐tailed t test;
Table 3). Daytime activation energies (Ea) in the model were
also different (p < 0.10, one‐tailed t test) between tidal cycles. Differences in Rd due to tides were greater during the
daytime (0.9 mmol m−2 s−1) compared to nighttime (0.5 mmol
m−2 s−1). High‐ and low‐tide Rd converged at air temperatures above 29.5°C and 25.4°C during daytime and nighttime
periods, respectively. Annual maxima nighttime Rd occurred
during June through October reaching 4–7 mmol (CO2) m−2
s−1. Annual minimum nighttime Rd (1–3 mmol (CO2) m−2
s−1) occurred during December through February.

Table 2. Michaelis‐Menton Parameters of Light Response During January 2004 though August 2005 for the Highest and Lowest
Daytime Air Temperaturesa
Panel

TA,min

TA,max

Kt,min

Kt,max

Highest temperatures

28.0
28.0

33.15
33.15

0.04
0.69

0.69
1.00

5.5
5.5

21.0
21.0

0.02
0.65

0.65
1.00

p valueb
Lowest temperatures
p value

b

a′
0.0376
0.0590
0.503
0.0221
0.0207
0.801

± 0.0126
± 0.0503
± 0.0054
± 0.0053

GEP2000
20.93
24.67
0.523
22.07
17.58
0.019

± 2.09
± 9.41
± 2.41
± 1.34

Rd

n

5.29 ± 2.27
11.11 ± 9.40
0.327
1.74 ± 0.90
4.78 ± 1.37
0.007

1462
1462
895
895

a
Highest daytime air temperatures are ≥28°C, and lowest daytime air temperatures are ≤21°C. For each temperature range, data were binned to represent
high or low Kt. Higher and lower values of Kt represent clear and cloudy sky conditions, respectively. Significance tests were determined at the 95%
confidence level. In the following form of the Michaelis‐Menten equation, NEE = a′PAR/(1−(PAR/2000) + (a′PAR/GEP2000))−Rd, NEE is the net
ecosystem exchange of CO2, a′ is the ecosystem quantum yield (mmol CO2 (mmol PAR)−1), GEP2000 is the gross ecosystem productivity (mmol CO2
m−2 s−1) at PAR = 2000 mmol m−2 s−1, and Rd is the ecosystem respiration.
b
The p values refer to the differences in Michaelis‐Menten model parameters at high versus low Kt within a temperature range.
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Figure 6. Contours of daytime average CO2 flux as a function of both incident PAR and air temperature measured at
27 m above ground during both (top) high‐salinity (≥29 ppt)
and (bottom) low‐salinity (<29 ppt) conditions.

Figure 7. Daily PAR use efficiency (S GEP/S PAR) when
PAR exceeded 600 mmol (photons) m−2 s−1 as a function of
daily average salinity. The regression line and 95% confidence intervals are included.
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Figure 8. Control of air temperature, measured at 27 m
above ground during (top) daytime and (bottom) nighttime,
on ecosystem respiration rates determined separately for
both low‐tide and high‐tide periods. Daytime respiration
rates represent daily averages, and nighttime respiration
rates represent averages during continuous low‐ or high‐tide
periods. An Arrhenius‐type exponential function was best
fit to ecosystem respiration rates during the daytime and
nighttime high‐ and low‐tide periods.
3.4. Seasonal and Annual NEP
[24] There were distinctive seasonal patterns in total daily
and nighttime NEP (Figure 9). Daily total NEP was greatest
between March and May and lower in July through October
(Figure 10). During this period, NEP was reduced (NEE of
−10 to 0 mmol (CO2) m−2 s−1) during afternoon thunderstorms that reduced solar irradiance (<500 W m−2). However, reductions in NEP values were also observed during
cloudless conditions in July to October when the combination of high PAR (>1400 mmol (photons) m−2 s−1) and high
TA (>28°C) contributed to increased daytime and nighttime
Rd (4–7 mmol (CO2) m−2 s−1). Low NEP (1 to 4 g C m−2 d−1)
during December to February was attributed to low‐temperature inhibition of photosynthesis and shorter day lengths.
During December to February reductions in total daily NEP
occurred even though this period was also marked by annual
minimum respiration rates (1–3 mmol (CO2) m−2 s−1). Low‐
temperature (TA < 21°C) effects on carbon assimilation,
rather than respiration, caused reduction in NEP during this
period.
[25] During 2004, monthly NEP (Figure 10) ranged from
126 ± 9 to 132 ± 15 g C m−2 between March and May and
varied from 74 ± 10 to 86 ± 8 g C m−2 between July and
October. NEP increased to 101 ± 10 g C m−2 during
November as a result of decreasing nighttime temperatures
(lower Rd), low salinity stress, and fewer afternoon thunderstorms compared to the warmer summer months. Salinity
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Table 3. Mean Daytime and Nighttime Ecosystem Respiration Rates and Arrhenius Model Parameters Under
exposed Soil and Inundated Conditions January 2004 Through August 2005a
Daytime

Nighttime

Summary Characteristic

Exposed Soil
at Low Tide

Inundated Soil
at High Tide

Exposed Soil
at Low Tide

Inundated Soil
at High Tide

Number of contiguous periods
Mean Rd (mmol m−2 s−1)
Mean air temperature (°C)
Rd20b (mmol m−2 s−1)
Ea/Rb (K)
R2b
RMSE

398
3.48
24.4
2.546 ± 0.288
5702 ± 1414
0.115
2.42

113
2.57
25.7
0.611 ± 0.298
18980 ± 4767
0.419
2.01

371
2.68
19.6
2.579 ± 0.141
899 ± 935
0.011
1.33

191
2.20
20.7
2.101 ± 0.189
4237 ± 1697
0.131
1.18

a

Shown with 95% confidence intervals. Exposed soil conditions are at low tide, and inundated conditions are at high tide.
The Arrhenius‐type model of Lloyd and Taylor [1994] was used to relate ecosystem respiration (Rd) to air temperature T (deg K).
Rd. = Rd20 exp[(Ea/R)(1/293K−1/TK)].
b

values remained low (<29 ppt) during December 2004 to
January 2005, but annual minimum NEP values (75 ± 6 to
76 ± 7 g C m−2) during this period were the result of reduced
daytime carbon assimilation. During 2004, the mangrove
forest assimilated 1170 ± 127 g C m−2 (Table 1). During the
8 months of measurements in 2005, the forest assimilated
832 ± 97 g C m−2, which is equivalent to an annual rate of
1175 ± 145 g C m−2 yr−1. We found pronounced interannual
differences in monthly NEP during 2004 and 2005. For
example, NEP in March 2005 was ∼20% lower than in
March 2004. This resulted from a combination of greater
cloud cover, lower solar irradiance, higher nighttime TA,
and higher salinity values during March 2005. In contrast,
NEP during July–August 2005 was 35% higher compared to
the same period in 2004. The climatic conditions during
these months in 2004–2005 were similar, with the exception
of local rainfall. At a monitoring station near the tower site,
rainfall was 261 mm and 590 mm during June–July 2004
and 2005, respectively. The increased rainfall in 2005 resulted in increased freshwater discharge, which lowered
salinity levels, increased the duration of flooding, and
lowered soil respiratory fluxes compared to 2004. During
June–July 2005, average Rd reached 3.08 ± 1.12 g C m−2
s−1 whereas in 2004 Rd attained 3.83 ± 1.93 g C m−2 s−1.

saturated soils and anaerobic conditions result in reduced
carbon respiratory losses in mangrove forests [McKee, 1993;
Ferreira et al., 2007; Romero et al., 2005; Poret et al.,
2007].
[27] When integrated over annual periods, the low respiratory fluxes determined at the study site resulted in

4. Discussion
[26] Mangrove forest NEP values (1170 ± 145 g C m−2)
estimated for 2004–2005 are substantially greater than those
reported for terrestrial ecosystems [e.g., Baldocchi et al.,
2001; Luyssaert et al., 2007; Hirata et al., 2008]. In general, the annual NEP of tropical ecosystems tends to be
greater than that of temperate ecosystems due, in part, to the
year‐round productivity [Luyssaert et al., 2007]. The high
NEP values reported here are reflected in the high leaf litter
and wood production, which is reported at 1170 g C m−2
yr−1 [Twilley et al., 1992]. Relatively low respiration rates
(Rd) in the mangrove ecosystem are largely responsible for
the high NEP estimates. Nighttime Rd values varied from
1.71 ± 1.44 to 2.84 ± 2.38 mmol (CO2) m−2 s−1 at soil
temperatures of 15 ± 2°C and 20 ± 2°C, respectively. These
Rd values are lower by a factor of 2 compared to terrestrial
AmeriFlux and EuroFlux sites whose respiration rates range
from 3.72 ± 2.20 to 5.92 ± 4.40 mmol (CO2) m−2 s−1 at soil
temperatures of 15°C and 20°C, respectively [Falge et al.,
2001]. Slow biomass decomposition rates associated with

Figure 9. (top) Total daily C NEP and (middle) daytime
and (bottom) nighttime contributions to total daily C NEP
during January 2004 through August 2005. Centered moving averages (15 day) are included.
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Table 4. Global Average and Site Level Estimates of Carbon Exports From Tidal Mangrove Forestsa

Burial
Particulate organic carbon (POC)
Dissolved organic carbon (DOC)
Dissolved inorganic carbon (DIC)
Sum of POC, DOC, and DIC

Global
Average Value
(g C m−2 yr−1)

Shark River,
ENP Value
(g C m−2 yr−1)

130b
137 ± 172c
150 ± 134b
3 × DOC to
10 × DOCc
1262 ± 814

130b
64d–186e
56f
170–560c,f
550 ± 260

a

Figure 10. Monthly sums and errors of C NEP during
January 2004 through August 2005.
annual ecosystem respiration (RE) rates during 2004 that
were similar to midlatitude terrestrial biomes and significantly lower than other tropical or subtropical evergreen
forests (Figure 11). The annual GPP (the sum of NEP and
RE) reported for these tropical systems frequently exceeds
3000 g C m−2 [Kato and Tang, 2008], with a global
average value of 3551 ± 160 g C m −2 [Luyssaert et al.,
2007]. These GPP values are significantly higher than our
estimates in the Florida Everglades mangrove forest. Other
tropical and subtropical systems also typically exhibit higher
RE (3061 ± 162 g C m−2 [Luyssaert et al., 2007]) compared
to our site. As a result, the annual NEP values reported for
most other tropical systems are also lower than the present
2004–2005 estimates in the mangrove forest.

Figure 11. Comparison of mangrove annual GPP and
annual RE with those reported for other ecosystems, where
NEP = GPP − RE.

The global average value of carbon burial was used to estimate the value
at Shark River since site‐specific values were not available.
b
Duarte et al. [2005].
c
Bouillon et al. [2008].
d
Twilley [1985].
e
Heald [1971].
f
Romigh et al. [2006].

[28] Tidal activity in mangrove forests, such as those
found along Shark River, often results in substantial lateral
fluxes of particulate and dissolved carbon. This export of
carbon will tend to lower estimates of ecosystem respiration
derived from EC measurements. For example, benthic
microbial decomposition of particulate and dissolved organic
carbon (DOC) exported from mangroves [Souza et al., 2009]
and from tropical terrestrial forests [Mayorga et al., 2005]
results in respiratory fluxes outside of the EC footprint.
Similarly, dissolved inorganic carbon (DIC), often found in
high concentrations in estuarine waters [Bouillon et al.,
2007a; Miyajima et al., 2009] and derived from belowground respiration, is removed by tidal flushing and does
not contribute to atmospheric CO2 fluxes in the forested
intertidal zone.
[29] Tidal export of dissolved and particulate organic
carbon (POC) from the EC footprint was not measured in
2004–2005. However, the potential magnitude of these
fluxes and their influence on our estimates of NEP can be
constrained. For example, an extreme upper bound on these
fluxes can be estimated as the difference between RE
observed and the RE values that would be expected in this
forest if NEP = 0 (i.e., RE = −GPP). A forest with NEP = 0
would lie along the 1:1 line in Figure 11. Therefore, the
distance along the x axis from our observations to this line in
Figure 11 represents the difference between RE and GPP
and the potential carbon export assuming NEP = 0 in this
system. This provides an upper limit on annual tidal export
of ∼1000 g C m−2 yr−1. However, we consider this an
overestimate since this forest is known to accumulate biomass and soil carbon (i.e., NEP ≠ 0). We further constrain the
magnitude of tidal carbon export using a combination of
direct measurements obtained near our site and a literature
review. For example, in a flume study near our site, Romigh
et al. [2006] estimated a net DOC export rate of 56 g C m−2
yr−1. In other mangrove forests along the Everglades Gulf
Coast, Twilley [1985] and Heald [1971] estimated POC exports from 64 to 186 g C m−2 yr−1. No direct measurements
of DIC fluxes in this region are available. However, in their
review of data from other systems, Bouillon et al. [2007b,
2008] suggest DIC export can be as much as 3 to 10 times the
amount of DOC exported from tidal mangrove forests. Using
this relationship between DIC and DOC and the Romigh
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et al. [2006] estimate of DOC, we estimate the DIC export
can be 170 to 560 g C m−2 yr−1 (Table 4). Therefore, a better
estimate of the total dissolved and particulate carbon export
from our site is 550 ± 260 g C m−2 yr−1.
[30] Adding this estimate of total DOC, DIC, and POC
export to the estimates of RE derived from our NEE measurements yields a GPP/RE ratio for this forest similar to
values reported for other tropical forests [Kato and Tang,
2008] (Figure 11). Adding all of the POC and DOC
fluxes to RE may, however, slightly overestimate the
influence of these fluxes on NEE since in a system without
tidal influences, some fraction of the POC and DOC may
not be respired into CO2 and would instead accumulate in
the system. We are unable to quantify the potential bias this
introduced into our estimates of tidal carbon export and RE,
but we do not consider this to be a significant term, primarily because the magnitude of POC and DOC fluxes
relative to DIC fluxes measured in other mangrove systems
is typically small. Estimates of high DIC flux from the
mangrove forests at our site are supported by measurements
of high partial pressures of carbon dioxide (pCO2) at the
mouth of Shark River [Clark et al., 2004]. We conclude that
between 25% and 70% of NEP is exported into the estuary
with the remainder accumulating in tree biomass and soil
carbon.
[31] There are several important challenges to measuring
total carbon export at this site. Commonly applied methods
used for determining DOC fluxes on an aerial basis have
focused on water‐soil surface exchanges across relatively
well‐defined tidal creeks or man‐made flumes. However,
high tides often inundate the entire island at our site, and
overwash occurs around the island perimeter. The carbon
fluxes via this overwash may be significant and will vary
over time depending on the amplitude and duration of the
tidal cycle. This aspect of the carbon budget at our site
requires further examination.
[32] An independent estimate of NEP derived from EC
measurements can be calculated as the difference between
net primary productivity (NPP), based on biometric data and
soil respiration (Rs [Luyssaert et al., 2009]). In tidal systems, the estimates of NEP derived from biometry and Rs do
not account for dissolved and particulate carbon export and
can therefore be compared directly to our estimates derived
from EC. Bouillon et al. [2008] suggest an average annual
NEP of 1100 ± 644 g C m−2 for mangrove ecosystems based
on the difference between globally averaged NPP (1363 ±
450 g C m−2) and Rs (263 ± 194 g C m−2). Komiyama et al.
[2008] provide a similar NEP estimate of 852 g C m−2 yr−1
for a mangrove forest in eastern Thailand. At our site, Ewe
et al. [2006] measured aboveground NPP, including increases in basal area and leaf litter, to be 1100 ± 45 g C m−2
yr−1. We estimate belowground NPP of 520 ± 360 g C m−2
based on a review by Bouillon et al. [2008] of results from
four studies in southwest Florida close to our site. The locations of these studies share many characteristics with our
site and include a fringing forest of R. mangle; two mixed
species basin forests of R. mangle, L. racemosa, and A.
germinans; and an aggregate of sites located in mangrove
forests along the east and west coasts of Everglades National
Park. Two sets of direct RS measurements were made at our
site in six 20 cm2 plots using a soil CO2 flux system (model
8100, LI‐COR, Inc., Lincoln, Nebraska). The soil CO2
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efflux rates from these observations ranged between 0.5 to
2.0 mmol m−2 s−1 (T. Troxler, Florida International University, unpublished data, 2009), and from these data we
estimate an annual RS of 360 ± 180 g C m−2 at our site.
Subtracting this RS value from the combined aboveground
and belowground NPP values yields a biometric NEP estimate of 1000 ± 400 g C m−2. This value is within the
confidence limits of the EC‐derived NEP quantities for this
ecosystem.
[33] Aboveground respiratory fluxes contributed by
foliage, boles, and prop roots are expected to outweigh the
belowground components of Rd. During high‐tide periods
when the soil surface is submerged, the average reductions
in Rd from low‐tide periods (Figure 8) are roughly equivalent to RS derived from chamber measurements, which
suggest the tides suppress belowground respiratory CO2
efflux to the atmosphere. There is substantial variability and
overlap in Rd across tidal cycles, suggesting temperature
effects on aboveground respiratory fluxes throughout the
year have a greater effect than tidal influences on Rd. Dark
respiration rates in red mangrove foliage are estimated at
1.62 ± 1.32 mmol (CO2) m−2 s−1 at 30°C [Barr et al., 2009].
The leaf area index (LAI) at this site in 2008 was measured
at 2.29 ± 0.18 (V. Rivera‐Monroy, Louisiana State University, personal communication, 2009). Multiplying the
foliage dark respiration rate by this estimate of LAI suggests
that foliage respiration alone can contribute to 73% of total
Rd during low‐tide periods. A recent study by Lovelock
[2008], using data from 10 mangrove forests distributed
throughout the Caribbean, Australia, and New Zealand,
supports the hypothesis that soil respiration is a relatively
minor term in Rd in mangrove forests. For example,
applying the Lovelock [2008] parabolic relationship between
RS and temperature at the Everglades site yields RS values
of 1.23 and 1.30 mmol (CO2) m−2 s−1 at 20°C and 30°C,
respectively. These values agree with the direct measurements of soil CO2 efflux at our site, and represent at most
25 to 41% of nighttime Rd.
[34] Synoptic‐scale salinity effects are apparent when
relating NEE to PAR and TA (Figure 6). There is a linear
decrease in LUE with increasing salinity across all seasons
(Figure 7). Other studies [Kozlowski, 1997; Ball and
Farquhar, 1984; Sobrado, 1999; Parida and Das, 2005;
Lopez‐Hoffman et al., 2006] also report negative effects of
salinity on mangrove physiological functioning and growth.
[35] Consistent with findings in terrestrial forests [Gu
et al., 2002], increases in diffuse solar irradiance (i.e.,
decreasing Kt) were associated with increasing canopy LUE.
However, the positive effects of diffuse solar irradiance
were notable only at lower TA (≤21°C). At higher TA, high
Kt was usually associated with PAR values above the saturation value of 1000 mmol (photons) m−2 s−1 reported for
R. mangle [Barr et al., 2009], Rhizophora mucronata and
Ceriops tagal [Theuri et al., 1999], and Avicennia marina
[Naidoo et al., 1997]. Therefore, a substantial proportion of
the mangrove foliage during the summer months can function at or near light saturation conditions, and this process
can reduce any positive effects of decreasing Kt on NEE.
Leaf orientation is another factor contributing to the lack of
Kt effects on NEE during the summer months. Sunlit mangrove foliage orients itself in a more vertical position
compared to shaded foliage [Farnsworth and Ellison, 1996],
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and foliage in the canopy crown can be nearly vertical
[Clough et al., 1982]. This adaptation mechanism allows
efficient penetration of solar irradiance into deeper regions
of the mangrove forest canopy resulting in comparable rates
of photosynthesis above and below the forest crown. In the
summer months, this strategy can be most effective at dispersing direct beam irradiance throughout the canopy at
peak solar elevation angles. During this time, differences in
absorption profiles of direct and diffuse solar beam can be
small. When solar elevation angles are lower during the dry
season months, the penetration of the direct solar beam into
deeper regions of the canopy is reduced, and the differences
in NEE due to differences in Kt are large (3 to 6 mmol (CO2)
m−2 s−1) compared to those (∼2 mmol (CO2) m−2 s−1)
observed in the summer.

5. Summary and Conclusions
[36] Although much of the variability in the canopy‐
atmosphere CO2 exchanges measured above this mangrove
forest can be attributed to foliage light and temperature
responses, as in terrestrial systems, the influences of tidal
activity must be considered when comparing the carbon
balance of this system to other forests. During 2004–2005
the annual NEP for this forest was 1170 ± 127 g C m−2.
This unusually high NEP is attributed to relatively low
respiration rates which are more similar to those of forests
growing in temperate climates than to those in tropical
zones. We attribute the low RE to regular tidal inundation
and anoxic soil conditions and the net tidal advection of
POC, DOC, and DIC from the forest into adjacent estuarine waters. Any potential CO2 exchanges with the atmosphere derived from the respiration of this exported carbon
will occur away from intertidal zones and outside the EC
tower footprint. More information on the variability and
magnitude of the carbon exports due to tidal activity on
daily and seasonal time scales is needed. In addition to
tidal influences, salinity effects on mangrove physiological
functioning also differentiate carbon cycling in these forests
from terrestrial systems. Our results, including the observations of declining LUE with increasing salinity, suggest the
long‐term carbon balance of this system will largely depend
on the factors which control water and salinity levels, such as
freshwater discharge from upstream areas, rainfall patterns,
and secular sea level rise. These factors are all expected to
change with atmospheric warming. These studies are unique
because they can help define ecosystem function in response
to regional (e.g., freshwater discharge) and global (e.g., sea
level rise) environmental change.
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